Abstract. In this study, the critical damage value of normalized Cockcroft-Latham is determined using ductile fracture criterion to de ne fracture energy. True stress-strain value and materials' properties were obtained by the tensile tests of zirconium alloy 702 and nite-element analysis. It was observed that the maximum value of fractured specimen occurred in the central area of the cross-section, where the highest critical damage value equals 0.649. This paper explored the rarely researched data of zirconium alloys through the inverse analysis method of the FEA. The results were proposed to evaluate the forgeability, and the present study could be used as a basis of designing and developing zirconium alloy.
Introduction
Zirconium alloy 702 has excellent neutron and corrosion resistance and is widely used in the nuclear power plants and chemical industry, such as nuclear reactor and heat exchanger. Previously zirconium alloys have been mostly applied for the national defense and the nuclear industry; however, in recent years, by the development of nuclear electricity generation, rare relevant research data are published on Zirconium alloy.
Due to ductility of this material, it is important to use the appropriate ductile fracture criterion in the calculation of components produced from it.
In numerous studies, tensile tests have been performed to determine the ductile fracture of materials. Pereira et al. [1] compared the mechanical damage of the Marciniak test and the FEA prediction of the steel plate, showing that FEA is e ective in predicting the material damage. Quan et al. [2] pointed out that, based on the elasto-plastic theory, the nite-element model was established to simulate the drawing limit analysis of AZ31B tube. Komori [3] compared the experiment results of the behaviors of crack propagation through nite-element analysis of di erent ductile failure theories. Hambli and Reszka [4] provided the fracture criteria identi cation using an inverse technique method and blanking experiment. Study of Dey et al. [5] indicates that the ballistic limit perforation process can be predicted by JohnsonCook fracture criterion of LS-DYNA software. Zhu et al. [6] used a nite-element model to simulate the uid-solid interaction in porous materials. Jia et al. [7] investigated microstructure and mechanical properties of 2219 aluminum alloys after solid solution treatment. Chen and You [8] studied the 7075 aluminum maximum damage level, and the experimental process and simulation analysis showed that fracture occurred in the center; so, the results are quite consistent. Cao et al. [9] conducted some research on the nite-element model of three approaches in which ductile damage is used to simulate the ultimate wire drawing and the wire at rolling processes in cold metal forming.
Inverse analysis method of FEA by Cho et al. [10] was applied to the ring compression test and the modi ed limiting dome height test, and then, simultaneously, the ow stress and the friction value can be determined. Joun et al. [11] used a nite-element approach and Hollomon's constitutive law for analyzing tensile tests of low carbon steel through simulation, and thus, the performed analysis can accurately predict the occurrence of necking phenomena. Andrzej and Jacek [12] showed that damage distribution of titanium alloy, Ti6Al4V, was studied by normalized C-L criterion at room temperature.
In this study, tensile tests of zirconium alloy 702 are conducted to determine the true stress-strain state and elaborate on the appropriate ductile fracture criterion, according to the nite-element simulation analysis.
Experimental and nite element analysis
In this paper, the experiment and simulation analyses of the study is shown in a ow chart as in Figure 1 .
The dimensions of the specimens used in the experimental tests are shown in Figure 2 . The sheet specimens had a necking made in their center part to excite fracture in the predicted region. The plate specimens were subjected to a tensile test until the ultimate fracture, simultaneously, recorded and measured the damage cross section.
Ductile failure can also be treated as plastic deformation of the nonmetallic material present in the inclusions with further precipitation of ne particles, formation of voids, their growth, and the ultimate fracture. Ductile failure is controlled by the processing parameters such as the rate of deformation and molding conditions, lubrication, and friction. In addition, any alterations to the material chemical composition a ect its microstructure and uniformity of its surface. Chemical compositions of zirconium alloy 702 are listed in Table 1 . The experimental test results were analyzed using FEA simulations. The simulations were performed using the DEFORM TM 3D software package, which is widely used for the simulation of rolling, extrusion, upsetting, forging, and other forming processes of metals. This software, whose structure can be subdivided into four modules, such as pretreatment, simulation engine, post processor, and multifunction, provides simulation of the plastic ow stress. The ow stress equation has the following form: = ( "; _ "; T );
where " is strain, _ " is strain rate, and T is temperature. The maximum damage value obtained and the value corresponding to the critical damage of the material can be used to predict the ductile behavior of crack originating from the molding damage. Deform simulation software's built-in failure criteria include Cockcroft-Latham, normalized Cockcroft-Latham, Oyane, Borrzo, Rice and Tracey, etc. This article has only considered Cockcroft-Latham and Normalized Cockcroft-Latham failure criteria, which will be explained as follows.
An energy function integral of the maximum tensile stress and e ective strain proposed by Cockcroft and Latham de ne the timing of the occurrence of a material fracture. It is considered that a material fracture occurs when maximum tensile strain energy in unit volume reaches the critical damage value, as shown by Eq. (2):
where max is maximum tensile stress, " f is limit fracture strain, " is e ective strain, and C is CockcroftLatham critical damage value.
Chen et al. [13] , based on Cockcroft and Latham ductile failure criteria, pointed out that a material fracture is related to the e ective stress of deformation. The material forming limit is de ned as a fracture energy, which is the product of an e ective deformation and a normalized ratio from the maximum stress divided by e ective stress.
Chen et al. introduced the normalized CockcroftLatham criterion, reducing it to the dimensionless form of Eq. (3):
where is e ective stress and C is the normalized Cockcroft-Latham critical damage value.
Results and discussion
To determine the plastic ow stress of zirconium alloy 702, the materials of the model were obtained from the database of the software used. Figures 3-5 display the nite-element mesh of tensile test simulation (10000 elements, tensile velocity 1 mm/sec), where before loading, during loading, and after fracture are shown.
Figures 6 and 7 display the e ective strain diagram, revealing that the maximum e ective strain occurs in the middle zone, which corresponds to the maximum strain value, and it is the most susceptible to fracture. Figures 8 and 9 display the e ective stress diagram, where the points with the maximum stress and strain are assumed to be coincided, thus producing stress concentration points from which cracks may originate.
Figures 10-12 display the distribution of critical damage value of tensile test process. The following are initial tensile, middle tensile process, and nal fracture, respectively. As can be seen in Figures  10 to 12 , the critical damage value, a ected by the in uence of tensile action, sustained an increase in the middle region which is particularly evident. Figure  13 depicts the experimental and simulated fracture patterns, which show a good correlation. The integral was calculated at characteristic points in the specimen cross sections. Table 2 . It was observed that fracture specimen's the maximum value occurred in the central area of the cross section. The highest critical damage value C equal to 0.649 was taken to be the limit value, determining fracture under experimental conditions. 
Conclusions
The results show that the critical damage value of normalized Cockcroft-Latham can be obtained using the ductile fracture criterion and FEA software. True stress-strain value and materials properties were ob- tained from the tensile tests of zirconium alloy 702 and nite-element analysis. Factors a ecting ductile fracture, such as e ective stress, e ective strain, and damage, were analyzed. It was observed that fracture specimen's the maximum value occurred in the central area of the cross section, and the highest critical damage value was equal to 0.649. Finite-element analysis as applied to zirconium alloy 702 fracture criteria can be used for rolling, extrusion, upsetting, and forging of the materials.
